Prior to applying metallurgical processes for the recovery of rare earth elements from neodymium magnets in used rotors, it is necessary to separate the neodymium magnets from the rotors as effectively as possible. Due to the characteristics of the rotors such as hard steel cover, complex inner structure, and strong magnetic elds of neodymium magnet, it is dif cult to disintegrate the neodymium magnet rotors by traditional mechanical crushing methods.
Introduction
A neodymium magnet is a permanent magnet made from an alloy of neodymium (Nd), iron (Fe), and boron (B) which has the Nd 2 Fe 14 B crystalline structure. It has a strongest magnetic eld and higher coercivity nowadays 1) . Dysprosium (Dy) and/or terbium (Tb) are commonly used to substitute for part of the Nd to enhance the coercivity of the neodymium magnet at high temperatures. Owing to their outstanding properties, neodymium magnets have replaced other types of magnets in numerous applications that require strong and compact permanent magnets.
A rotor is the moving part of a motor or an alternator. Permanent magnets are built into the rotor to create a constant magnetic eld. In recent years, rotors equipped with neodymium magnets have been employed in many types of motors such as electric motors in the compressor units of air conditioners or driving motors in hybrid electric vehicles. Global production of neodymium magnets is estimated at more than 30,000 tons per year 2) . Since the mineral resources of rare earth elements are produced in limited countries and areas, the recycling of neodymium magnets from used rotors has gained importance recently.
Some advanced methods for recovering rare earth elements from neodymium magnet scrap through either pyrometallurgical or hydrometallurgical process have been developed [2] [3] [4] [5] [6] [7] . Nevertheless, few reports have focused on neodymium magnets in used rotors. Prior to applying metallurgical processes for the recovery of rare earth elements, it is necessary to separate the neodymium magnets from the rotors as effectively as possible. Due to the characteristics of the rotors such as hard steel cover, complex inner structure, and strong magnetic elds of neodymium magnet, it is dif cult to disintegrate the neodymium magnet rotors by traditional mechanical crushing methods.
Underwater explosion is an explosion carried out beneath the surface of water 8) . Compared with in-air explosion, the energy conduction of underwater explosion is more effective because water has density and incompressibility that are much higher than those of air. Noise and vibrations caused by the explosion can be con ned to the body of the water to minimize their impact on the surroundings. Shock waves and bubble pulses generated by explosions in water have been investigated for their utilization in the disintegration of structures or materials [9] [10] [11] . Underwater explosion has been applied mainly in marine and military engineering.
In this research letter, we present the result of a preliminary experiment on applying underwater explosion for the liberation of neodymium magnet rotor followed by thermal treatment. The result shows that neodymium magnet can be effectively separated from rotor that can aid subsequent metallurgical processes.
Materials and Methods
A rotor taken from an electric motor originally used in the compressor unit of an air conditioner was used as the experimental material, as shown in Fig. 1 . The rotor possessed a hard steel cover with a built-in sintered neodymium permanent magnet. A 10 g emulsion of the explosive (Nippon Koki * Corresponding author, E-mail: kenchen@mail.ncku.edu.tw Co., Ltd., Japan) and an electrical detonator were plugged into the middle of the rotor, as shown in Fig. 2 . The experimental setup containing the rotor, emulsion explosive, and electrical detonator was suspended at the center of a water-lled stainless steel explosion tank having a diameter of 1.8 m and a depth of 1.5 m, as shown in Fig. 3 . A net was placed at the bottom of the explosion tank which could be hung up to collect the crushed products after explosion. The explosion was triggered far from the explosion tank through the electrical detonator for safety reasons. Figure 4 shows the rotor after underwater explosion. The rotor has clearly been disintegrated into several steel pieces with black powder sticking to their surfaces. The black powder is believed to consist of the crushed neodymium magnet since it still possesses magnetism even after disintegration. In order to separate the black powder from the steel pieces, it had to be demagnetized. Since the Curie temperature of neodymium magnet is in the range of 310-400 C 12) , the crushed products which include the steel pieces and the black powder were heated in an electric muf e furnace (AS ONE HPM-0N) at 400 C for 10 mins. After they were cooled to room temperature in air, the crushed products were passed through a 5 mm sieve. The steel pieces and black powder were separated, as shown in Fig. 5 . The black powder was then analyzed by X-ray uorescence spectroscopy using wavelength dispersive spectrometry (WDS-XRF) (Supermini, Rigaku Co., Ltd., Japan). The main element composition of the black powder are Fe, Nd, and Dy, as shown in Table 1 , thus con rming that the black powder is the neodymium magnet. The separated neodymium magnet powder can be subsequently treated by developed metallurgical processes for rare earth elements recovery.
Results and Discussion

Conclusions and Prospects
The above experimental results con rm the feasibility of applying underwater explosion for the liberation of neodymi- um magnet rotor followed by thermal treatment for recycling. By adjusting the conditions of the explosion such as increasing the amount of explosive and detonating simultaneously, this process can be applied to treat multiple rotors at the same time. The results also suggest the possibility of applying underwater explosion in resources recycling, speci cally, as a crushing technique for the liberation of hard materials that are dif cult to be disintegrated by traditional mechanical crushing methods.
